1. Introduction {#sec1-molecules-25-02278}
===============

Cancer is the second leading cause of death globally, killing around 9.6 million people annually \[[@B1-molecules-25-02278]\]. Despite the significant advances in the field of cancer therapy, major limitations such as drug inefficacy, drug resistance, distant metastasis, associated side-effects, and toxicity hinder the use of chemotherapeutic approaches \[[@B2-molecules-25-02278],[@B3-molecules-25-02278],[@B4-molecules-25-02278],[@B5-molecules-25-02278],[@B6-molecules-25-02278],[@B7-molecules-25-02278],[@B8-molecules-25-02278],[@B9-molecules-25-02278]\]. Therefore, there is an urgent need to discover novel therapeutic agents, as the number of cancer-related deaths will increase dramatically in the coming years \[[@B1-molecules-25-02278]\]. It is now evident that naturally derived bioactives have been a boon to human civilization since time immemorial. The Ayurveda, the Chinese Pharmacopoeia (2005), Unani and other Indian systems of medicine demonstrate the importance of these multi-targeted phytochemicals for the prevention and treatment of different diseases in humans \[[@B10-molecules-25-02278],[@B11-molecules-25-02278]\]. Besides, there is also evidence that our daily diet has a significant protective role, guarding us against oxidative stress and various disorders \[[@B12-molecules-25-02278],[@B13-molecules-25-02278],[@B14-molecules-25-02278],[@B15-molecules-25-02278],[@B16-molecules-25-02278],[@B17-molecules-25-02278],[@B18-molecules-25-02278],[@B19-molecules-25-02278],[@B20-molecules-25-02278],[@B21-molecules-25-02278],[@B22-molecules-25-02278]\]. It is well established that natural compounds rich in antioxidants can activate different survival pathways and protect normal cells from the adverse effects of anticancer therapies \[[@B23-molecules-25-02278],[@B24-molecules-25-02278]\]. Additionally, many of these dietary ingredients are known to directly or indirectly increase the actions of many chemotherapeutic drugs, which in turn enhances their therapeutic potential, as evident from many preclinical and clinical studies \[[@B25-molecules-25-02278],[@B26-molecules-25-02278],[@B27-molecules-25-02278],[@B28-molecules-25-02278],[@B29-molecules-25-02278],[@B30-molecules-25-02278],[@B31-molecules-25-02278],[@B32-molecules-25-02278]\]. Again, the chemoprotective and chemosensitizing effects of natural products have widened the research arena to include compounds beyond conventional anticancer drugs \[[@B33-molecules-25-02278],[@B34-molecules-25-02278],[@B35-molecules-25-02278],[@B36-molecules-25-02278],[@B37-molecules-25-02278],[@B38-molecules-25-02278]\]. One such compound is rhein, a naturally derived aglycone from rhubarb leaves. Traditional practices show that the rhubarb plant (*Rheum officinale*) was widely prescribed due to its anticathartic and antistomachic properties. Its therapeutic potential also includes antibacterial, antidiabetic, antiinflammatory and anticancer activities \[[@B39-molecules-25-02278],[@B40-molecules-25-02278],[@B41-molecules-25-02278],[@B42-molecules-25-02278],[@B43-molecules-25-02278],[@B44-molecules-25-02278]\]. Additionally, one of the metabolic precursors of rhein, diacerein, has shown significant results in easing pain and improving matrix synthesis in the treatment of osteoarthritis \[[@B45-molecules-25-02278]\]. A large number of preclinical studies have demonstrated the anticancer activities of rhein against breast cancer, cervical cancer, nasopharyngeal cancer, tongue cancer, pancreatic cancer, ovarian cancer, and hepatocellular carcinoma, in addition to its pro-apoptotic, antiproliferative, and antiangiogenic properties \[[@B46-molecules-25-02278],[@B47-molecules-25-02278],[@B48-molecules-25-02278],[@B49-molecules-25-02278],[@B50-molecules-25-02278],[@B51-molecules-25-02278],[@B52-molecules-25-02278],[@B53-molecules-25-02278],[@B54-molecules-25-02278],[@B55-molecules-25-02278],[@B56-molecules-25-02278],[@B57-molecules-25-02278]\]. In addition, preclinical studies have shown that as an antineoplastic compound, rhein potentiated the cytotoxic effect of chemotherapeutic drugs, minimized side-effects, enhanced tolerability, and reduced multidrug resistance \[[@B57-molecules-25-02278]\]. Although this anthraquinone glycoside has a broad spectrum of therapeutic potential, it shows poor systemic ability and remains unexplored due to its highly hydrophobic structure \[[@B58-molecules-25-02278]\]. However, there are formulations that can overcome these issues \[[@B59-molecules-25-02278],[@B60-molecules-25-02278],[@B61-molecules-25-02278]\]. The broad aim of this article was to provide an overall framework describing the nature, chemistry, ethnopharmacological uses, biological activities, molecular targets, and the chemoprotective, chemopreventive and therapeutic potential of rhein in different cancers.

2. Rhein in Nature {#sec2-molecules-25-02278}
==================

Nature offers many safe, effective, and affordable curatives for many chronic ailments, which are mainly obtained from plants. These phytochemicals are extracted from different parts of plants and many act as dietary supplements and have significant health benefits \[[@B62-molecules-25-02278],[@B63-molecules-25-02278],[@B64-molecules-25-02278]\]. The compound rhein which has shown many medicinal properties, is one of the major phytochemical components of plants like *Aloe barbadensis* (Family Asphodelaceae), *Rheum* spp., *Polygonum multiflorum*, *P. cuspidatum* (Family Polygonaceae), *Cassia occidentalis* (Family Fabaceae), etc., as described later \[[@B65-molecules-25-02278],[@B66-molecules-25-02278]\]. Various sources of rhein are depicted in [Figure 1](#molecules-25-02278-f001){ref-type="fig"}. Studies have shown that the Chinese medicine Da Huang or Chinese rhubarb, used for treating inflammation in humans, is composed of three different *Rheum* species, i.e., *R. palmatum* L., *R. tanguticum*, and *R. officinale*, all of which contain rhein \[[@B67-molecules-25-02278]\].

The foliar parts of cultivated species of *Rheum* are usually edible \[[@B68-molecules-25-02278]\]. Potential larvicidal and anticancerous activities were observed in isolates of rhein from extracts of yellow *Cassia fistula* flowers \[[@B69-molecules-25-02278],[@B70-molecules-25-02278]\].

3. Ethnopharmacological Uses of Plants Containing Rhein {#sec3-molecules-25-02278}
=======================================================

Plants containing rhein have been used in different systems of traditional medicine for the prevention and treatment of different diseases. The 1000-year-old Chinese Pharmacopoeia suggests the use of the Rhei Rhizoma or rhubarb components as a laxative because they stimulate the secretion of bile into the intestines and support the expulsion of toxic waste matter. In addition, the components of rhubarb are also involved in hepatoprotection and antibacterial activity \[[@B71-molecules-25-02278],[@B72-molecules-25-02278]\]. The Chinese Pharmacopoeia (1997) suggests a potential use of the herb *P. multiflorum* for blood cleansing and improving blood circulation \[[@B73-molecules-25-02278]\]. The root extracts of this plant, popularly known as Heshouwu in China, are used for their antiobesity properties \[[@B74-molecules-25-02278]\]. The use of the herb *P. multiflorum* was cited in the literature of the Tang dynasty and the Song dynasty and the 2010 edition of the Chinese Pharmacopoeia. Its formulation with other herbs reduces its toxicity and acts over several human health disorders. There have been 242 patented formulations of the plant *P. multiflorum* with other herbs such as *Radix rehmanniae*, *R. astragalus*, *R. ophiopogonis*, *Salviae miltiorrhizae*, and *Angelica sinensis*, all with different pharmacological properties. The associated studies demonstrated that combining *P. multiflorum* with other herbs enhanced its beneficial effects on human health, such as longer serum retention of its bioactive compounds and decreased toxicity \[[@B75-molecules-25-02278]\]. In a clinical study on 312 patients, the alcoholic extracts of rhubarb showed a significant effect in the treatment of gastric and duodenal ulcer bleeding \[[@B76-molecules-25-02278]\]. Another traditional Chinese medicine, San-Huang-Xie-Xin-Tang (SHXXT), composed of three herbs, Radix et Rhizoma Rhei (*Rheum palmatum* L.), Radix scutellaria (*Scutellaria baicalensis* Georgi), and Rhizoma coptidis (*Coptis chinensis* Franch), was shown to be involved in attenuating inflammation of the airways, colon, and blood vessels \[[@B77-molecules-25-02278]\]. The Banxia Xiexin Decoction (BXD), one of its active components being rhein, is prescribed to ease various inflammatory disorders like gastritis and upper airway inflammation \[[@B78-molecules-25-02278]\]. The BXD was also effective in curing colon cancer in animals \[[@B79-molecules-25-02278]\]. Additionally, studies demonstrated that the combination of cisplatin and the BXD decoction induced apoptosis in A549 human lung cancer cells \[[@B80-molecules-25-02278]\]. A decoction of the herbs *Rheum palmatum* L., *Artemisia annua* L., and *Gardenia jasminoides* Ellis, popularly known as Yin-Chen-Hao-Tang (YCHT), is primarily used to treat several liver disorders. Pharmacokinetic studies have shown that the compounds rhein, geniposide and 6,7-dimethylesculetin, isolated from YCHT, enhanced the synergistic and therapeutic benefits, as demonstrated in animal models \[[@B81-molecules-25-02278]\].

The Indian system of medicine Ayurveda suggests the use of *R. australe* (one of the sources of rhein), commonly found in the Himalayas, for curing multiple chronic diseases, including cancers of liver, breast and prostate \[[@B65-molecules-25-02278]\]. The rhizomes of another species of *Rheum*, *R. emodi* showed antihelminthic, antiulcerative and anticancerous activities \[[@B82-molecules-25-02278]\]. Its extract was also reported to be effective in curing *Helicobacter-pylori*-induced ulcers in animals \[[@B72-molecules-25-02278]\]. Recent reports have demonstrated the antiinflammatory activity of anthraquinones found in *Cassia sp.* in the treatment of airway-associated allergies \[[@B83-molecules-25-02278]\].

4. Chemistry of Rhein {#sec4-molecules-25-02278}
=====================

The rhein molecule, or 4,5-dihydroxy-9,10-dioxoanthracene-2-carboxylic acid, is a planar compound with three fused benzene rings, has a molecular mass of 283.22 g/mol and the molecular formula C~15~H~8~O~6~ \[[@B84-molecules-25-02278]\]. It is also popularly known as Rhubarb Yellow. Rhein is found in its free form or as glucosides in the Fabaceae and Polygonaceae family of plants \[[@B85-molecules-25-02278]\]. This compound is water-insoluble, meaning it has low systemic bioavailability. However, the lipophilic nature of this compound permits it to easily get into cells \[[@B86-molecules-25-02278]\]. As this compound has a highly stable structure, various hydrophilic and lipophilic nano-formulations have been developed to improve its oral absorption, bioavailability, and sustained targeted release \[[@B59-molecules-25-02278]\]. A conjugate of rhein, rhein--DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) has been used to treat sarcoma and owing to its remarkable necrosis avidity; studies suggest that it could be used as a significant probe for PET/CT-imaging-mediated early detection of response to antitumor therapy \[[@B87-molecules-25-02278]\].

The plasma concentration of rhein has also been compared with other anthraquinones found in traditional Chinese medicine, such as Rhei Rhizoma (used for treating various neuroinflammatory disorders and osteoarthritis) \[[@B88-molecules-25-02278],[@B89-molecules-25-02278]\]. It was observed that there was a significant increase in serum concentrations of rhein, 12 hours after oral administration of Rhei Rhizoma, where the peak serum concentration was reported to be 126.50 ng/mL, which is comparably higher than rhein alone \[[@B90-molecules-25-02278]\].

5. Biological Activities of Rhein {#sec5-molecules-25-02278}
=================================

Rhein has been actively explored for its pharmacological benefits to human health. Many biological properties of rhein have been studied, such as curing inflammatory disorders like upper airway inflammation, asthma, gastritis, and fatty liver and protecting against cerebral ischemic injury, diabetic nephropathy, etc. \[[@B42-molecules-25-02278],[@B78-molecules-25-02278],[@B79-molecules-25-02278],[@B91-molecules-25-02278],[@B92-molecules-25-02278]\]. Several studies have shown that rhein is an effective antidiabetic, antiosteoarthritic and anticathartic agent \[[@B39-molecules-25-02278],[@B40-molecules-25-02278],[@B44-molecules-25-02278],[@B45-molecules-25-02278],[@B60-molecules-25-02278]\]. The antibacterial properties of rhein have been observed in the rhizomes of rhubarb (*R. officinale*) \[[@B93-molecules-25-02278]\]. Some other studies have demonstrated that rhein has a higher antioxidative potential than another anthroquinone component of *P. multiflorum*, aloe-emodin. In addition, the chemiluminescent data for the free-radical-scavenging activity of rhein suggested that it is more effective than antioxidants like α-tocopherol and Vitamin C \[[@B94-molecules-25-02278]\]. Rhein, and its derivatives and analogs, are known to show the anticancer activity against various cancers, as shown in [Figure 2](#molecules-25-02278-f002){ref-type="fig"} and [Table 1](#molecules-25-02278-t001){ref-type="table"}, which is of paramount interest.

6. Molecular Targets of Rhein {#sec6-molecules-25-02278}
=============================

Increasing lines of evidence suggest the anticancer activity of rhein against different cancers, as depicted in [Figure 2](#molecules-25-02278-f002){ref-type="fig"} \[[@B43-molecules-25-02278],[@B46-molecules-25-02278],[@B54-molecules-25-02278]\]. Rhein has been shown to inhibit the distinct hallmarks of cancer, including cell proliferation, angiogenesis, migration, epithelial to mesenchymal transition (EMT), etc. These cellular processes are regulated via the modulation of several cellular molecules such as enzymes, transcription factors, kinases, cell-cycle proteins, growth factors, oncoproteins, tumor suppressor proteins, apoptotic proteins, etc., as shown in [Figure 3](#molecules-25-02278-f003){ref-type="fig"} \[[@B52-molecules-25-02278],[@B53-molecules-25-02278],[@B54-molecules-25-02278],[@B55-molecules-25-02278],[@B56-molecules-25-02278]\]. Many important molecular pathways or proteins regulating the survival of cancerous cells are targets of rhein, including the sonic hedgehog pathway, serine-threonine kinases like Akt kinase, etc. \[[@B46-molecules-25-02278]\]. Rhein is also known to exert its anti-inflammatory effect by modulation of nuclear factor---kappa light chain enhancer of activated B cells (NF-κB), which subsequently regulates the downstream nitric oxide synthase pathway \[[@B95-molecules-25-02278]\]. The other important nuclear targets of this phytochemical include p53 and p21/WAF proteins, which aid in the induction of apoptosis \[[@B96-molecules-25-02278]\]. The rhein-induced mitochondrial apoptotic pathway is activated by increased levels of Fas, cleaved caspases-3, -8, -9, poly(ADP-ribose) polymerase (PARP), etc. and decreased expression of B cell lymphoma 2 (Bcl-2), cyclin A and cyclin-dependant kinases (CDK) \[[@B97-molecules-25-02278]\]. The antitumorigenic effects of this compound in ovarian cancer cells is exerted through inhibition of the phosphorylation of mitogen-activated protein kinase (MAPK) pathway elements like mitogen-activated protein kinase kinase (MEK) and extracellular-signal-regulated kinase (ERK) \[[@B47-molecules-25-02278]\]. Under hypoxic conditions, rhein has also been shown to enhance cytotoxicity in colorectal cancer cells (CRC) by modulating the expression of hypoxia-inducible factor-1 alpha (HIF-1α) expression, which acts on immunosuppressive molecules such as the downstream elements programmed cell death ligand-1 (PD-L1), vascular endothelial growth factor (VEGF), cyclooxygenase 2 (COX-2) and galectin-1 \[[@B98-molecules-25-02278]\]. The different pathways modulated by rhein are discussed below.

6.1. MAPK Signaling Pathway {#sec6dot1-molecules-25-02278}
---------------------------

The MAPK signaling pathway plays a vital role in cell proliferation and survival. These molecules influence the group of responsive enzymes recruited to deal with cellular stress caused by heat, osmosis, cytokines and ultraviolet (UV) irradiation \[[@B99-molecules-25-02278]\]. The MAPK family of proteins are also involved in the generation of mitogenic responses and the production of stress response proteins in different cells of the body. The three major MAPK families are ERKs, Jun amino-terminal kinases (JNKs) and stress-activated protein kinases (p38/SAPKs) \[[@B100-molecules-25-02278],[@B101-molecules-25-02278],[@B102-molecules-25-02278],[@B103-molecules-25-02278],[@B104-molecules-25-02278]\]. A recent study showed that HeLa cervical cancer cells underwent apoptosis upon modulation of the MAPK pathway by rhein. It was demonstrated that due to the binding of rhein lysinate (RHL or a salt of rhein and lysine), the phosphorylation of ERK1/2, JNK and p38 MAPK was enhanced, which activated growth-inhibitory pathways including the regulation of apoptotic proteins like increased levels of cleaved caspase-3/7 and PARP \[[@B48-molecules-25-02278]\].

6.2. Wnt Signaling Pathway {#sec6dot2-molecules-25-02278}
--------------------------

As discussed earlier, rhein can inhibit cell proliferation in various cancer cells by targeting β-catenin, PI3K/Akt, ERK, p38 MAPK, JNK and fat mass and obesity-associated genes (FTO). Cyclin D1, one of the major cell-cycle mediator proteins, is overexpressed in the cancer cells due to the increased β-catenin levels. Thus, there is a crucial role of β-catenin, a component of the Wnt signaling pathway, in activating the genes for growth regulation involving cellular survival, proliferation and metastasis \[[@B105-molecules-25-02278],[@B106-molecules-25-02278],[@B107-molecules-25-02278],[@B108-molecules-25-02278],[@B109-molecules-25-02278]\]. It was shown that rhein induced cell-cycle arrest at the G0/G1 and S phases in A549 lung cancer cells and BEL-7402 hepatocellular cancer cells, respectively \[[@B54-molecules-25-02278],[@B110-molecules-25-02278]\]. It was demonstrated that rhein induced apoptosis in A549 cells due to the enhanced levels of GRP78 and reduced CDK-4, -6 and cyclin E (some of the molecular components of the Wnt pathway) \[[@B110-molecules-25-02278]\]. Studies also showed that rhein suppressed the active levels of β-catenin in HepG2 human liver cancer cells and HeLa cervical cancer cells, which resulted in a cell-cycle arrest at the S phase \[[@B111-molecules-25-02278]\]. Similarly, rhein induced cell-cycle arrest at the S-phase in BEL-7402 cells. The suppression of c-Myc, a target of the Wnt/β-catenin pathway, and the induction of caspase-3 by rhein suppressed the proliferation and survival of these cells \[[@B54-molecules-25-02278]\].

6.3. NF-κB Signaling Pathway {#sec6dot3-molecules-25-02278}
----------------------------

One of the most rapid-acting transcription factors mediating inflammatory processes is nuclear factor-kappa B (NF-κB) \[[@B112-molecules-25-02278],[@B113-molecules-25-02278],[@B114-molecules-25-02278],[@B115-molecules-25-02278],[@B116-molecules-25-02278],[@B117-molecules-25-02278]\]. It is kept inactive in the cell by the binding of IκB. Harmful stimuli like stress, UV, bacterial or viral antigens, cytokines, or free radicals, reactive oxygen species (ROS) cause IκB kinases to phosphorylate the IκB protein that translocates NF-κB to the nucleus for the transcription of different genes involved in inflammation and cancer. Therefore, active NF-κB leads to stimulation of an inflammatory response or immune response and promotes cell survival and cell proliferation \[[@B118-molecules-25-02278],[@B119-molecules-25-02278],[@B120-molecules-25-02278],[@B121-molecules-25-02278],[@B122-molecules-25-02278],[@B123-molecules-25-02278],[@B124-molecules-25-02278]\]. Thus, putting a check on the activation of NF-κB and its accessory pathways can lead to the suppression of inflammation, angiogenesis, and carcinogenesis \[[@B62-molecules-25-02278],[@B125-molecules-25-02278],[@B126-molecules-25-02278],[@B127-molecules-25-02278],[@B128-molecules-25-02278],[@B129-molecules-25-02278],[@B130-molecules-25-02278],[@B131-molecules-25-02278],[@B132-molecules-25-02278],[@B133-molecules-25-02278]\]. Studies have defined the role of many natural inhibitors of NF-κB that are obtained from the diet, which reduce inflammation and restore energy balance in humans \[[@B29-molecules-25-02278],[@B134-molecules-25-02278]\]. This safe, well-tolerated natural compound was shown to inhibit LPS-induced NF-κB activation and regulatory pathways in RAW 264.7 macrophages by inhibiting the protein, inhibitor of nuclear factor kappa-B kinase subunit beta (IKKβ). It was also observed that rhein induced an antiinflammatory effect by modulating the expression of NF-κB and its downstream elements such as intracellular ROS, inducible nitric oxide synthase (iNOS), interleukin (IL)-6, and pro-inflammatory factors like IL-1β and high-mobility-group-box-1 (HMGB1) \[[@B135-molecules-25-02278]\].

6.4. HIF-1 Signaling Pathway {#sec6dot4-molecules-25-02278}
----------------------------

Studies on the exposure of tumor cells to hypoxic conditions have shown enhanced levels of COX-2, PD-L1, IL-10, VEGF, galectin-1, and transforming growth factor-β1 (TGF-β1) \[[@B136-molecules-25-02278]\]. These immunosuppressing molecules stop immune cell differentiation, drive apoptosis of T cells, and inhibit the development of dendritic cells. The transcription of these immunosuppressive molecules is driven by HIF-1α, which is produced due to hypoxia in tumor cells \[[@B137-molecules-25-02278]\]. In a recent study involving breast cancer cells MCF-7 and MDA-MB-435, rhein was reported to play an important role in reducing tumor growth and vasculogenesis by inhibiting the expression of HIF-1α. The effect of rhein was also observed in hypoxia-induced angiogenesis in these cells, where HIF-1α and VEGF levels were reduced \[[@B138-molecules-25-02278]\].

6.5. Other Signaling Pathways Regulated by Rhein {#sec6dot5-molecules-25-02278}
------------------------------------------------

Matrix metalloproteinases (MMPs), a family of zinc proteases, help cancer cells to invade by degrading the extracellular matrix and the basal membrane \[[@B139-molecules-25-02278]\]. They disrupt the structure of healthy tissues and thereby enhance disease progression. The MAPK family of proteins are modulated by ROS-mediated MMP activation to help in the invasion of tumors \[[@B2-molecules-25-02278]\]. Gastric cancer cells have increased expression of upstream regulators NF-κB and activator protein (AP)-1 that direct the MMP gene activity. Studies have shown that rhein may act by suppressing JNK1/2 or p38 to modulate MMP through AP-1 expression \[[@B53-molecules-25-02278]\]. Ser/Thr--Pro regulated protein phosphorylation is involved in epithelial cell proliferation and transformation \[[@B140-molecules-25-02278]\]. The Pin1-driven Ser/Thr--Pro can activate oncoproteins like NF-κB and AP-1 and also destabilize tumor-suppressor genes like p53 by phosphorylation of Ser/Thr--Pro. Thus, the regulation of these proteins by rhein can provide a therapeutic target to kill cancer cells. It has been shown that the suppression of Pin1 in cancer cells leads to apoptosis or suppression of expression of the onco-proteins \[[@B141-molecules-25-02278]\]. Studies have shown that rhein also targets the formation of the Pin1/c-Jun complex, which is an essential regulator of the cyclin D1 gene in the G2/M phase of cell-cycle progression. The disruption of pc-Jun (Ser73) and Pin1 bond was induced by rhein, which ultimately led to the cell cycle arrest in G2/M phase \[[@B142-molecules-25-02278]\].

The pathways that induce cell death by apoptosis include two regulatory pathways. One pathway involves death-receptor-mediated caspase-8 activation, which can stimulate downstream caspase-3. Another pathway that induces apoptosis is mitochondria-mediated. The release of cytochrome c (Cyt c) from mitochondria leads to the activation of procaspase-9, which initiates an apoptosis-symbolic apoptosome formation composed of dATP (deoxyadenosine triphosphate), Apaf-1, procaspase-9 and Cyt c \[[@B143-molecules-25-02278]\]. Apoptosome formation causes the activation of caspase-3, -6 and -7. Several studies have shown that rhein increases intracellular levels of nitric oxide, ROS, and Ca^2+^, stimulates apoptosis, and inhibits cell proliferation and angiogenesis both in vitro and in vivo \[[@B143-molecules-25-02278]\]. Bim, a pro-apoptotic Bcl-2-family protein, is a critical mediator of rhein-induced apoptosis. Rhein activated forkhead box O3a (FOXO3a), an inducer of Bim expression, in MCF-7 and HepG2 cells, which in turn enhanced the Bim protein levels \[[@B144-molecules-25-02278]\]. Elevated levels of ROS modulated apoptosis by affecting the mitochondrial membrane permeability (MMPE) and causing subsequent loss of membrane potential (ΔΨm) \[[@B43-molecules-25-02278]\]. Some other studies have shown the role of MMPE in apoptosis induction, triggering the release of Cyt c \[[@B145-molecules-25-02278]\]. Therefore, studies have demonstrated the apoptotic effect of rhein via modulation of ROS, MMPE, and caspases-3, -8, and -9, in SCC-4, A549 and HL-60 cancer cells \[[@B43-molecules-25-02278],[@B110-molecules-25-02278],[@B145-molecules-25-02278]\].

Rhein, being a planar molecule, has a significant structural advantage of being easily intercalated into the DNA molecule. Thus, an increase in DNA length consequently disrupts gene function. Rhein induced the DNA damage in targeted cancerous cells by inducing the apoptotic pathways that led to cell-cycle arrest \[[@B43-molecules-25-02278]\]. Thus, rhein is a multitargeted compound, and its plausible mechanism of action, as evidenced by several studies, is shown in [Figure 4](#molecules-25-02278-f004){ref-type="fig"}.

7. Chemopreventive and Therapeutic Properties of Rhein for Different Cancers {#sec7-molecules-25-02278}
============================================================================

Mounting evidence shows that the multitargeted compound rhein is minimally toxic, affordable and effective for the prevention and treatment of different types of cancers, as listed in [Table 1](#molecules-25-02278-t001){ref-type="table"}. The following part of the review enumerates the anticancer potential of rhein for different cancers.

7.1. Breast Cancer {#sec7dot1-molecules-25-02278}
------------------

Breast cancer is the most commonly occurring cancer and leading cause of mortality in females worldwide \[[@B1-molecules-25-02278],[@B107-molecules-25-02278],[@B161-molecules-25-02278],[@B162-molecules-25-02278],[@B163-molecules-25-02278],[@B164-molecules-25-02278],[@B165-molecules-25-02278]\]. A number of studies have been carried out to investigate the role of rhein in the prevention and treatment of breast cancer both in in vitro and in vivo. This compound suppressed proliferation and inhibited breast cancer in mice. For instance, the administration of rhein has been shown to suppress tumor growth in 4T1-cell-induced mouse xenografts \[[@B146-molecules-25-02278]\]. This study also showed that rhein in combination with atezolizumab synergistically elevated the expression of apoptotic protein such as Bax and caspases-3, -8, and -9, and decreased that of Bcl-2 \[[@B146-molecules-25-02278]\]. In another study, it was reported that rhein inhibited the phosphorylation of Akt and activated FOXO3a and further stimulated the activity of the pro-apoptotic protein Bim, which led to the cleavage of caspase proteins and subsequent induction of apoptosis in MCF-7 cells \[[@B144-molecules-25-02278]\]. Rhein was also shown to inhibit NF-κB activation and its downstream targets HIF-1α and VEGF165 in breast cancer cells, MCF-7 and MDA-MB-435 \[[@B138-molecules-25-02278]\]. In addition, rhein was shown to inhibit phosphorylation of HER-2 protein in SK-Br-3 cells in vitro, thus showing its potential in the development of therapies for HER-2-positive breast cancer \[[@B147-molecules-25-02278]\]. Not only rhein, but also its derivatives showed promising effects in breast cancer. For example, a novel rhein-derived compound, 4F, was found to induce autophagy in MDA-MB-231 cells by upregulating the expression of beclin-1 and causing the degradation of p62 \[[@B148-molecules-25-02278]\]. Furthermore, it was observed that an analog of rhein, rhein lysinate (RHL), inhibited phosphorylation of EGFR, MEK, c-Raf, and ERK and induced apoptosis in MCF-7, SK-Br-3, and MDA-MB-231 cells \[[@B46-molecules-25-02278]\]. This study also demonstrated that rhein has the potential to sensitize breast cancer cells to taxol by decreasing the levels of phospho-epidermal growth factor receptor (p-EGFR), thus unravelling the potential of this anthraquinone for the management of drug resistance in breast cancer cells \[[@B46-molecules-25-02278]\].

7.2. Cervical Cancer {#sec7dot2-molecules-25-02278}
--------------------

Globally, cervical cancer is one of the leading causes of cancer-related deaths among women, with annual incidence rates of 500,000 patients \[[@B1-molecules-25-02278],[@B166-molecules-25-02278]\]. Several studies have showcased the anticancer potential of rhein in cervical cancer. For instance, rhein was shown to inhibit β-catenin and c-Myc, which are highly overexpressed in cervical cancer cells, by suppressing the phosphorylation of GSK3β and inducing S-phase cell-cycle arrest in HeLa cells \[[@B111-molecules-25-02278]\]. In another study, Ip et al. (2007) showed that in Ca Ski cervical cancer cells, rhein induced apoptosis via the mitochondrial pathway. It was observed that treatment with rhein induced Ca^2+^ release from the endoplasmic reticulum, which was followed by disruption of the mitochondrial membrane potential due to the release of Cyt c, activated caspase-3 and PARP cleavage, leading to apoptosis in these cells \[[@B149-molecules-25-02278]\]. The rhein derivative RHL was also found to inhibit the proliferation of HeLa cells in a dose- and time-dependent manner through the phosphorylation and activation of the downstream regulators of MAPKs such as JNK, p38 MAPK and ERK1/2, thereby inducing the activation of apoptotic proteins like cleaved caspase-3/7 and PARP \[[@B48-molecules-25-02278]\].

7.3. Colon Cancer {#sec7dot3-molecules-25-02278}
-----------------

Colon cancer is the third leading cause of cancer-related deaths worldwide. The anticancer potential of rhein against colon cancer has been reported by both in vitro and in vivo studies. For example, rhein has been shown to inhibit the proliferation of Caco-2 cells by modulating the MAPK pathway \[[@B150-molecules-25-02278]\]. It was also observed that rhein induced apoptosis in HCT-116 and SW620 cells by suppressing phospho-signal transducer and activator of transcription 3 (p-STAT3), Bcl-2, cyclin D1, and cyclin B1 \[[@B151-molecules-25-02278]\]. Moreover, in HT29 cells, rhein showed a suppressive activity over the elevated expression of HIF-1α and several immunosuppressive molecules like PD-L1, VEGF, COX-2, IL-10, etc., that were found to be involved in the survival of these cancer cells. \[[@B98-molecules-25-02278]\]. Although rhein showed significant cytotoxicity in colon cancer cell line COLO 320 DM, it was found to be safe and did not cause DNA damage to normal colon cells, thus exhibiting selective toxicity \[[@B69-molecules-25-02278]\]. In addition, recent studies on animal models of colon cancer have shown possible involvement of rhein in alleviating tumor proliferation via the activation of MAPK/NF-κB pathways \[[@B79-molecules-25-02278]\].

7.4. Glioma {#sec7dot4-molecules-25-02278}
-----------

Glioma and glioblastoma are some of the severe forms of rapidly developing brain tumors \[[@B7-molecules-25-02278],[@B153-molecules-25-02278]\]. Rhein and its derivatives have shown significant effect in suppressing the proliferation and survival of these cancer cells. For example, the treatment of rhein suppressed the activation of ERK1/2 by and elevated Bcl-2 and caspase-3 levels, induced apoptosis and cell-cycle arrest in rat F98 (sub-S phase arrest) and human Hs683 (G2/M phase arrest) glioma cell lines \[[@B152-molecules-25-02278]\]. In another study, a novel rhein-derived compound, hydroxyethyl hydroxamic acid (SYSUP007), was found to suppress the proliferation, invasion, and migration of glioblastoma cells T98G and U251. Additionally, the treatment of glioblastoma cells with this formulation was shown to inhibit MMP-9 and SGK-1, which are involved in drug resistance and tumor development, and also this formulation induced the expression of Ac-K100 (acetylated lysine) in these cells \[[@B153-molecules-25-02278]\].

7.5. Leukemia {#sec7dot5-molecules-25-02278}
-------------

Mutation in immature lymphocytes leads to uncontrolled or non-functional development of the derived blood cells. These cancerous cells in lymphoblasts or acute lymphoblastic leukemia (ALL) are the cause of 25% of all childhood cancers \[[@B167-molecules-25-02278]\]. The antileukemic effect of rhein was studied on the acute promyelocytic leukemia cell lines NB4 and HL-60 \[[@B146-molecules-25-02278],[@B163-molecules-25-02278]\]. Rhein was shown to target the Bid protein, which caused the loss of mitochondrial potential due to Cyt c efflux and induced the cleavage of an apoptotic executioner caspase, caspase-3, in HL-60 cells \[[@B145-molecules-25-02278]\]. Besides the involvement of mitochondrial and caspase pathway, studies have shown that rhein also targets the signalling complexes p-ERK, PI3K, and p-Akt, which leads to the apoptosis of human NB4 cells \[[@B155-molecules-25-02278]\]. In another study, the rhein-derived compound AQ-101 was shown to disrupt MDM2 protein interaction and controlled the proliferation of ALL cells in vitro and in vivo by modulating the expression of p53 \[[@B154-molecules-25-02278]\].

7.6. Liver Cancer {#sec7dot6-molecules-25-02278}
-----------------

Liver cancer is the second leading cause of cancer-related deaths and the sixth-most common form of cancer in the world \[[@B168-molecules-25-02278],[@B169-molecules-25-02278],[@B170-molecules-25-02278],[@B171-molecules-25-02278],[@B172-molecules-25-02278],[@B173-molecules-25-02278],[@B174-molecules-25-02278],[@B175-molecules-25-02278],[@B176-molecules-25-02278]\]. The anticancerous activities of rhein have been well studied in liver cancer. An in vitro study on the effect of rhein against HepaRG cells showed that it induced cell cycle arrest at S phase by modulating the expression of cyclin E, p53, p21, cyclin A, and CDK-2 \[[@B97-molecules-25-02278]\]. Another study on the effect of rhein against arrested Hep G2 cells revealed that rhein arrested cell growth in the G1 phase of the cell cycle by inducing p53 and p21/WAF1 proteins \[[@B96-molecules-25-02278]\]. Recent studies have shown that this compound induces apoptosis and G0/G1 cell-cycle arrest via regulation of ROS in both HepG2 and Huh7 cells \[[@B55-molecules-25-02278]\].

As an essential apoptotic inducer, the Bim protein plays a vital role in inducing angiogenesis and tumorigenesis in cancer cells. Rhein-mediated modulation of phosphorylation of Akt and FOXO3a induced Bim secretion and caused apoptosis in HepG2 cells \[[@B144-molecules-25-02278]\]. It was shown that rhein also incited the release of mitochondrial Cyt c and hindered the synthesis of ATP, which induced apoptosis due to the loss of mitochondrial membrane potential in HepaRG cells and SMMC-7721/DOX cells, respectively \[[@B97-molecules-25-02278],[@B156-molecules-25-02278]\]. In another study, it was reported that the proliferation of hepatocellular cells, BEL-7402 was significantly decreased by rhein via regulation of caspase-3 and oncogene c-Myc \[[@B54-molecules-25-02278]\]. The anticancer effect of rhein was also studied in in vivo models of liver cancer. For example, rhein was shown to inhibit HepG2-induced xenograft tumorigenesis in animals, by suppressing β-catenin expression and GSK3β levels to reduce the tumor growth. This antiproliferative activity of rhein on cell proliferation of HepG2 liver cancer cells was also due to the decrease of β-catenin, induced by modulation of p53 and K-ras proteins \[[@B111-molecules-25-02278]\].

7.7. Lung Cancer {#sec7dot7-molecules-25-02278}
----------------

Lung cancer is the most diagnosed cancer in the world \[[@B1-molecules-25-02278],[@B177-molecules-25-02278],[@B178-molecules-25-02278],[@B179-molecules-25-02278],[@B180-molecules-25-02278],[@B181-molecules-25-02278],[@B182-molecules-25-02278],[@B183-molecules-25-02278],[@B184-molecules-25-02278]\]. Many reports have also highlighted the potential therapeutic effects of rhein against lung cancer. Bu et al. (2020) demonstrated that rhein induced apoptosis in A549 cells by modulating the expression of p-AMPK, mTOR, and Bcl-2 proteins \[[@B158-molecules-25-02278]\]. The reduced Bcl-2 expression, Cyt c efflux, the rapid loss of ΔΨm and enhanced caspase-3 activity led to apoptosis in these cells. Moreover, treatment with rhein also resulted in increased expression levels of p53 and p21 and decreased levels of CDK-4 and -6 and cyclin E, which led to G0/G1 cell-cycle arrest \[[@B110-molecules-25-02278]\]. Some preclinical studies also showed the regulation of STAT3, Bax, and Bcl-2 expression pathway by rhein in A549 cells. It was shown that the treatment of rhein halted the cell cycle at G2/M phase via downregulation of cyclin B1, MDM2, and p-53 expression levels in H460 and PC-9 cells \[[@B157-molecules-25-02278]\].

7.8. Nasopharyngeal Cancer (NPC) {#sec7dot8-molecules-25-02278}
--------------------------------

The anticancer activity of rhein has also been reported in NPC, a rare form of head and neck cancer. It was shown that treatment with rhein modulated the activating transcription factor (ATF)6 and p-ERK-regulated induction of endoplasmic reticulum (ER) stress-associated apoptosis factor and CCAAT/enhancer-binding protein homologous protein (CHOP) in a dose- and time-dependent manner. The observed changes in the levels of cytosolic Ca^2+^, ROS, and MMP had an antiproliferative impact in these cells. It was also shown that rhein modulated the activities of caspase-8 and -9 via the activation of CHOP and caspase-3 \[[@B49-molecules-25-02278]\].

7.9. Ovarian Cancer {#sec7dot9-molecules-25-02278}
-------------------

Ovarian cancer is a cancer that develops in the ovaries. Rac1, a small G protein family member, influences cell migration and invasion by generating ROS in these cancer cells. Rhein was shown to reduce the activity of Rac1 and AP-1, thereby regulating its downstream ROS-dependent signaling axis p38/JNK MAPK in SKOV3-PM4 cells, and attenuating cellular proliferation, migration, and invasion \[[@B53-molecules-25-02278]\]. Rhein also inhibited matrix metalloproteinases in A2780 and OV2008 cell lines \[[@B159-molecules-25-02278]\].

7.10. Pancreatic Cancer (PC) {#sec7dot10-molecules-25-02278}
----------------------------

Cancers of the pancreas are some of the most lethal forms of cancer \[[@B64-molecules-25-02278]\]. Rhein, along with EGFR inhibitors, was shown to inhibit STAT3 in PC. The combination of rhein along with the EGFR inhibitor erlotinib against PANC-1 and BxPC-3 xenograft mouse models displayed a synergistic effect by diminishing the expression of p-STAT3 and p-EGFR. Additionally, it also inhibited Bcl-2 levels and enhanced Bax levels in the in vivo models \[[@B52-molecules-25-02278]\]. Rhein was also shown to counter the Warburg effect in MiaPaCa2 cells. The preclinical studies suggested that there was a decrease in levels of HIF-α and associated proteins and PFK (phosphofructokinase)-1 after the treatment with rhein. Thus, rhein helped to improve the glucose homeostasis in these cancer cells \[[@B160-molecules-25-02278]\].

7.11. Oral Cancer {#sec7dot11-molecules-25-02278}
-----------------

Cancers of the oral cavity is a major health concern worldwide \[[@B1-molecules-25-02278]\]. Few studies have shown the efficacy of rhein against oral cancer. Rhein was reported to have an essential role in preventing the migration and invasion of SCC-4 cells by suppressing the activity of the MMP-9 gene \[[@B50-molecules-25-02278]\]. It led to DNA damage in these cells via inhibition of mRNA expression of DNA-repair-associated genes like O(6)-methylguanine-DNA methyltransferase (MGMT) \[[@B51-molecules-25-02278]\]. Moreover, the compound also induced S-phase arrest in SCC-4 cells by inhibiting cyclin B1 and cyclin A in vitro. In addition, there was an induction of caspase-3 proteases and reduction in Bcl-2 levels in the cells treated with rhein. It was also seen that ROS and Ca^+2^ levels could be involved in rhein-induced apoptosis \[[@B43-molecules-25-02278]\].

8. Toxicity of Rhein {#sec8-molecules-25-02278}
====================

Toxicity is often associated with the use of drugs and medicines, and remains a major challenge related to drug safety and clinical applications. The toxicity of rhein has been reported in a few studies. For example, Xianghong et al. (2010) showed the acute hepatotoxicity associated with the plant extracts of *P. multiforum* in mice, which was due to one of its anthraquinone components, rhein \[[@B185-molecules-25-02278]\]. Rhein also induced toxicity at the dosage of 6.25--50 μM in hepatocytes in vitro \[[@B185-molecules-25-02278]\]. In another investigation, it was observed that rhein induced apoptosis in renal epithelial HK-2 cells through the uncoupling protein (UCP)-2-related mitochondrial pathway \[[@B186-molecules-25-02278]\]. In addition, the dose-dependent effects of rhein exerted a toxic effect in hepatic HL-7702 cells via the oxidative stress-involved mitochondria-mediated apoptotic pathway. After 12 hours of treatment, a significant apoptotic effect was observed at 50 μM and 100 μM concentrations of rhein \[[@B187-molecules-25-02278]\]. However, in most of the studies, it was observed that very high concentrations of rhein induced toxicity in normal cells.

9. Conclusions {#sec9-molecules-25-02278}
==============

Rhein, isolated from rhubarb herbs, an ancient Chinese medicine, has been in use for thousands of years. In developing parts of world like India and Africa, around 65% and 80% of the population, respectively, make use of phytomedicines. To obtain the maximum benefit from these multitargeted phytochemicals in the prevention and treatment of chronic diseases, they have been used in conjunction with monotargeted modern medicines \[[@B188-molecules-25-02278],[@B189-molecules-25-02278],[@B190-molecules-25-02278],[@B191-molecules-25-02278],[@B192-molecules-25-02278]\]. Rhein was shown to induce the anticancerous effect through multiple mechanisms. This compound rhein has the potential to modulate various key regulatory pathways like NF-κB, PI3K/Akt, MAPKs, etc., which are important for the regulation of several chronic diseases like arthritis, renal dysfunction, neuronal dysfunction, etc. There are many more unidentified cellular molecules that interact with rhein, which are involved in inducing cytotoxicity in the cancer cells. The research into its potential effects with other established anticancer drugs and nanomatrix formulation is still in its infancy. This novel compound lacks momentum in research due to its high hydrophobicity which leads to its low bioavailability. Thus, with improvement in its physicochemical dynamics, this multimodal molecule could be of more value to human health.

With the discovery of induction routes of cancer, the race to identify a cure has accelerated \[[@B90-molecules-25-02278]\]. To translate phytochemicals into clinical setting, the efficiency of the drugs needs to be improved through enhancing the drug interactions, drug dynamics, and other pharmacokinetic parameters \[[@B193-molecules-25-02278]\]. Although the biological effect of *Rheum* rhizomes in several polyherbal extracts are of high ethnopharmacological importance, there are fewer data available from pharmacokinetic studies of rhein alone. As the source of rhein is botanical, it could significantly decrease the expenses involved in treating cancer. Apart from the need to conduct more in vitro and in vivo studies, clinical trials have to be performed with rhein to validate its anticancerous therapeutic potential. Prior to clinical trials with this compound, it will be necessary to identify the safe levels of this compound with regard to active blood levels, retention ability, and disposed metabolites \[[@B90-molecules-25-02278]\]. Thus, this novel compound could be of high value to human health when used at appropriate concentrations and in the form of formulations with enriched bioavailability and upgraded pharmacodynamics.
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###### 

Chemopreventive activity of rhein in different cancers.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cancer                  In Vitro/In Vivo\      Model                                        Mechanism of Action                                    References
                          /Ex Vivo                                                                                                                   
  ----------------------- ---------------------- -------------------------------------------- ------------------------------------------------------ --------------------------------
  Breast cancer           In vivo                4T1 xenograft mice                           Caspase-3, -8, -9↑, TNF-α↑, IL-6↑                      \[[@B146-molecules-25-02278]\]

                          In vitro and in vivo   MCF-7, SK-Br-3, and MDA-MB-231 cells         p-EGFR↓, p-ΜΕΚ↓, p-ERK↓                                \[[@B46-molecules-25-02278]\]

                                                 MCF-7 injected BALB/c athymic mice                                                                  

                          In vitro               SK-Br-3                                      p-HER-2↓, NF-κB↓, p53↑, p21↑                           \[[@B147-molecules-25-02278]\]

                          In vitro               MCF-7                                        Cleaved caspase↑, p-Akt↓, FOXO3a↑, Bim↑                \[[@B144-molecules-25-02278]\]

                          In vitro               MCF-7, MDA-MB-435s                           PI3K↓, p-Akt↓, p-ERK↓, NF-κB↓, HIF-1α↓, EGF↓           \[[@B138-molecules-25-02278]\]

                                                                                              Hsp90α↓, COX-2↓, HER-2↓, VEGF(165)↓, p-I-κB↓           

                          In vitro               MDA-MB-231                                   Beclin-1↑, LC3-II/LC3-I↑, p62↓                         \[[@B148-molecules-25-02278]\]

  Cervical cancer         In vitro               HeLa                                         MAPK↑, JNK↑, p-ERK↑,                                   \[[@B48-molecules-25-02278]\]

                                                                                              cleaved PARP↑, Caspase-3, -7↑                          

                          In vitro               HeLa                                         β-catenin↓, S phase arrest↑                            \[[@B111-molecules-25-02278]\]

                          In vitro               CaSki                                        Cytc↑, Caspase-3, -8, -9↑, Fas↑, p53↑, p21↑, Bcl-2↓,   \[[@B149-molecules-25-02278]\]

                                                                                              ΔΨm↓, cleaved Bid↑, cleaved PARP↑                      

  Colon cancer            In vitro               Caco-2                                       p-ERK1/2↑ (at higher concentrations of rhein)          \[[@B150-molecules-25-02278]\]

                          In vitro               HT29, HCT116, Colo205, SW620                 HIF-1α↓, PD-L1↓, VEGF↓, COX-2↓, galectin-1↓            \[[@B98-molecules-25-02278]\]

                          In vitro               HCT116, SW620                                p-STAT3↓                                               \[[@B151-molecules-25-02278]\]

  Glioma                  In vitro               F98                                          ERK1/2↓                                                \[[@B152-molecules-25-02278]\]

                          In vitro               T98G, U87, U251                              Ac-K100↑, NDRG1↑                                       \[[@B153-molecules-25-02278]\]

  Leukemia                In vivo                EU-1 injected SCID mice                      MDM2↓, p53↑                                            \[[@B154-molecules-25-02278]\]

                          In vitro               HL-60                                        Cleaved caspase↑, cleaved PARP↑, cleaved Bid↑, ΔΨm↓    \[[@B145-molecules-25-02278]\]

                          In vitro               NB4                                          p-ERK↑, Caspase-3↑                                     \[[@B155-molecules-25-02278]\]

  Liver cancer            In vitro and in vivo   HepG2, HepG2 injected BALB/c-nu mice         β-catenin↓, S phase arrest↑                            \[[@B111-molecules-25-02278]\]

                          In vitro               HepG2                                        CD95↑, p53↑, p21/WAF↑, mCD95L↑, sCD95L↑                \[[@B96-molecules-25-02278]\]

                          In vitro               BEL-7402                                     c-Myc↓, Caspase-3↑, S phase arrest↑                    \[[@B54-molecules-25-02278]\]

                          In vitro               HepG2                                        p-Akt↓, FOXO↑, Bim↑, CHOP↑, p-eIF2α↑, p-ERK↓,          \[[@B144-molecules-25-02278]\]

                                                                                              Caspase-3, -8, -9↑                                     

                          In vitro               HepaRG                                       ROS↑, ΔΨm↓, Bcl-2↓, Cyclin A↓, S-phase arrest↑         \[[@B97-molecules-25-02278]\]

                          In vitro               SMMC-7721, SMMC-7721/DOX                     ATP synthesis↓, inner ΔΨm↓                             \[[@B156-molecules-25-02278]\]

                          In vitro               HepG2, Huh7                                  ROS↑, p-c-Jun↑, Caspase-3↑                             \[[@B55-molecules-25-02278]\]

  Lung cancer             In vitro and in vivo   PC-9, H460, A549, H460 xenograft mice        STAT3↓, Bax↑, Bcl-2↓, G2/M phase arrest↑               \[[@B157-molecules-25-02278]\]

                          In vitro               A549                                         p-PI3K↓, Akt↓, mTOR↓, Bcl-2↓                           \[[@B158-molecules-25-02278]\]

                          In vitro               A549                                         G0/G1 phase arrest↑, GADD153↑, GRP78↑, Cyt c↑,         \[[@B110-molecules-25-02278]\]

                                                                                              Caspase-8↑, Bax↑,Bcl-2↓, Cleaved Bid↑, Cyclin D3↓,     

                                                                                              Cyclin E↓, CDK-4↓, CDK-6↓, ROS↑, p53↑, p21↑, ΔΨm↓      

  Nasopharyngeal cancer   In vitro               NPC                                          GRP78↑, ATF6↑, CHOP↑, ROS↑,                            \[[@B49-molecules-25-02278]\]

                                                                                              Caspase-3, -8,-9↑                                      

  Ovarian cancer          In vitro               SKOV3-PM4                                    Rac1↓, ROS↓, MAPK↓,                                    \[[@B53-molecules-25-02278]\]

                                                                                              TIMP-1↑, TIMP-2↑,AP-1↓                                 

                          In vitro               A2780, OV2008                                MMP↓                                                   \[[@B159-molecules-25-02278]\]

  Pancreatic cancer       In vitro and in vivo   AsPC-1, Patu8988T,                           p-STAT3↓                                               \[[@B52-molecules-25-02278]\]

                                                 BxPC-3,PANC-1 injected BALB/c athymic mice                                                          

                          In vitro and in vivo   AsPC-1, BxPC-3, HPAF-2, MiaPaCa2, Panc-1,    HIF-1α↓, PFK-1↓, HK-II↓, Glut-1↓                       \[[@B160-molecules-25-02278]\]

                                                 MiaPaCa2 injected athymic Balb/c mice                                                               

  Oral cancer             In vivo                SCC-4                                        p53↓, cyclin A & E↓, ER Ca^2+^↑, ROS↑,                 \[[@B43-molecules-25-02278]\]

                                                                                              Caspase-3, -8, -9↑, Bcl-2↓, Cyt c↑                     

                          In vitro               SCC-4                                        MMP-9↓                                                 \[[@B50-molecules-25-02278]\]
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

↑: Upregulated; ↓: Downregulated.
